One of the most memorable and formative times at high school was his being a member of the school debating team. The debating team at John Bartram High School, which he attended, was coached by a young history teacher, Mrs Elisabeth Gentieu, a charming, vivacious young woman then in her twenties who was to become a lifelong friend. The debating team in Cotton's final school year went on to become the champion team in Philadelphia, beating in particular the most formidable team from Central High School, which was considered to consist of embryonic lawyers. This was greatly to his delight and for all who knew him this was surely the training ground for his effectiveness as a public speaker. The young Cotton developed a love of words and the use of language, which became a trademark in his later life.
On graduating from high school, Cotton entered Drexel Institute of Technology, where his father had studied mechanical engineering. Now known as Drexel University, it did not in those days offer a degree course either in chemistry or physics; he enrolled as a chemical engineer. In his first year he read courses in chemistry, physics, mathematics-mostly calculus-English and military strategy as part of the Reserve Officers' Training Corps programme. However, in his second year, clouds appeared and in particular Al was to recognize that chemical engineering was as much (if not more) about engineering as it was chemistry and he took a distinct dislike to this, especially the courses in civil engineering, which were compulsory. It was at this time that he realized he should transfer to a college that offered chemistry. The problem was that at that time all institutions of higher learning were full of veterans taking advantage of the Servicemen's Readjustment Act of 1944 (known as the 'GI Bill') in addition to the normal intake of high-school students. This was just the time at which many of the large state-funded universities in the USA had a total enrolment of 3000-5000 students, which was then to expand rapidly to the now 30 000-50 000 students. Fortunately Temple University in Philadelphia admitted him, and he was forever grateful. He would sometimes joke that he was the second most famous graduate of that institution; for anyone who knew him that sounded somewhat modest and one was naturally led to ask: who was the first? He would reply, 'Bill Cosby', and note that almost no one could compete with the latter's popularity.
He quickly adapted to his new chemistry curriculum, found it much more pleasing and in his final year he was elected president of the chemistry club. In addition to courses in chemistry he also had to fulfil a language requirement. This he did with enthusiasm and studied German, which was the beginning of his enthusiasm for becoming proficient if not fluent in languages other than English. During his time at Temple he continued to enjoy the music and museums offered by the city of Philadelphia. In addition, throughout his time as a student in Philadelphia he had a part-time and summer job at the Philadelphia Rust-Proof Company, which as well as assisting him financially also offered him a taste of the role of chemistry in a real-world setting. He was proud that his first publication in 1950 was with Sam Heiman, the then chief chemist of the electroplating company, on the importance of the ammonia content in the bronze electroplating baths. This appeared in the journal Plating, published by the American Electroplater's Society.
As he was completing his chemistry degree at Temple he became convinced that he wanted to pursue a career in academia, and encouraged by William T. Caldwell, Professor of Organic Chemistry and Dean of the College of Arts and Sciences, he applied to Harvard among other schools. Caldwell had apparently previously recommended a student to Harvard who had gone on to do extremely well in the laboratory of R. B. Woodward (ForMemRS 1956 ) and so, despite what might have been viewed as a rather unexceptional undergraduate background, Caldwell's recommendation must have carried some weight. And so in 1951, in his 21st year, the young F. Albert Cotton journeyed from Philadelphia to Boston-more precisely to Cambridge, Massachusetts-to study for a PhD in the Chemistry Department at Harvard, a department that had already had a profound influence on the development of chemistry within the USA.
THE HARVARD DAYS
On arrival at Harvard, Cotton passed all four qualifying examinations, which was surely a fine testament to the classical instruction he had received from Temple. He was thus allowed to pursue courses of his choice and among these he chose to take inorganic chemistry, which he had not previously studied. By the end of the fall (autumn) semester of 1951 he decided that inorganic was indeed what he really enjoyed and he elected to work with the young Assistant Professor Geoffrey (later Sir Geoffrey) Wilkinson (FRS 1965) for his PhD research. His initial research topic was to prepare anhydrous metal chlorides of the rare earth elements, which are normally obtained from aqueous solutions as hydrates: MCl 3 .nH 2 O. He allowed these to react with acetic anhydride in the hope of removing the water as acetic acid, only to find that the metal-containing products lacked any chlorine. What he had discovered was a route to the anhydrous metal acetates. This line of work, however, did not last long because the report by T. J. Kealy and P. L. Pauson of an extraordinarily stable alkyl of iron of formula Fe(C 5 H 5 ) 2 (Kealy & Pauson 1951) caught the attention of Wilkinson and Woodward, and the story of ferrocene and sandwich compounds had begun. By June of 1952 he had submitted his first publication from Harvard to the Journal of the American Chemical Society on the heat of formation of ferrocene, determined with the assistance of apparatus for heat of combustion measurements borrowed from George B. Kistiakowsky (ForMemRS 1960) . This communication to the editor was duly published in the journal in November 1952, less than a year after he had elected to do his PhD under the direction of Geoffrey Wilkinson.
There is no doubt that the Harvard days were an exhilarating experience and a life-determining time for him. It brought him into contact with the chemistry 'stars' of the day such as R. B. Woodward, P. D. Bartlett, G. B. Kistiakowsky, and, of course, Geoffrey Wilkinson, who was later to be a Nobel laureate. No doubt the talents of the young F. A. Cotton were also similarly noticed by the faculty, for these were 'heady days' for Harvard's graduate students. More than 30 of Cotton's contemporaries went on to have academic careers. It was a time when both Cotton and Wilkinson recognized the need for an inorganic chemistry text, which led not too long later to the publication of the book Advanced inorganic chemistry by F. A. Cotton and G. Wilkinson in 1962. This book, more about which will be mentioned later, was an instant success and became accepted as the text in inorganic chemistry. Metal carbonyl stretching frequencies and, indeed, the question of why a compound such as Cr(CO) 6 with six carbonyl groups had only one CO infrared stretching frequency were among the topics of considerable interest. He recognized the importance of group theory in explaining these phenomena, and here again a mental seed was planted, leading ultimately to the publication of another text, Chemical applications in group theory, which also, when it entered the academic market, was rapidly adopted as a standard text.
Harvard also afforded unusual opportunities for a graduate student because after his first year as a teaching assistant he held an industrially sponsored fellowship, which afforded him the opportunity to travel. He spent the summer of 1952 as a research student at Los Alamos studying the P-T phase diagram of plutonium and hydrogen, working with vacuum lines, Töpler pumps and inert atmospheres. There was also ample opportunity to explore the New Mexico landscape, and weekend camping trips were the norm. In addition the young Cotton continued to come into contact with others of considerable prominence. He met Enrico Fermi ForMemRS, who was there for the summer; Rod Smythe, the son of the Princeton physicist Henry Smythe; the eminent crystallographer W. H. Zachariasen from the University of Chicago, and the young Tom Lehrer, who at the time was a graduate student of mathematics at Harvard and who was to become famous as a satirical lyricist.
In the spring of 1954, Cotton had a Coffin Fellowship, that allowed him to accompany his mentor Geoffrey Wilkinson on his sabbatical leave in the laboratory of Jannick Bjerrum, head of the Technical University in Copenhagen. The attraction of Copenhagen for Wilkinson might well have been enhanced by his young Danish wife Lise, a biochemist whom he had met during his time in California. The laboratory in Copenhagen was, however, one with a distinguished history of inorganic chemistry, having been home to the famous Sophus Mads Jørgensen, who along with Alfred Werner had laid the foundations of coordination chemistry. The laboratory was then also host to two students working on their DPhil degrees, namely Christian Klixbüll Jørgensen (no relation to Sophus) and Carl Ballhausen, who both were interested in applications of crystal field theory to the interpretation of the spectra of coordination complexes; both were to have highly influential careers. Indeed, Carl Ballhausen was the author in 1960 of the book Ligand field theory (Ballhausen 1960) , which was widely embraced by the chemical community. Ballhausen had a very distinguished career and after a short period in the USA at Bell Labs and the University of Chicago he returned to Denmark as Professor of Inorganic Chemistry at the University of Copenhagen, to which he attracted numerous leading inorganic chemists for sabbatical leaves. Cotton and Ballhausen became lifelong friends and there is no doubt that this period in Copenhagen had a significant impact on Cotton's career. He was educated in ligand field theory by the master-to-be and was again drawn to the power of group theory for the interpretation of spectroscopy. Meanwhile he and Wilkinson continued with their studies of the cyclopentadienyl group as a ligand in the rapidly emerging field of organometallic chemistry. He also had time to explore Europe, enjoying trips to the theatre and opera and travelling extensively in Germany practising his use of the language. He was also welcomed at the laboratory of Ernst Otto Fischer in Munich, who shared an interest in sandwich compounds and was in 1973 the co-recipient of the Nobel Prize in Chemistry with Geoffrey Wilkinson.
On their return from Europe to Harvard, Cotton and Wilkinson had already published several papers together, and the young Cotton began to take on a more independent line of research. He developed an interest in the thermodynamics of chelation, and with Frank E. Harris he carried out one of the earliest Monte Carlo calculations employing a computer, a Howard Aiken Mark IV, on ring-closure probabilities. He also became interested in soft (K α ) X-ray absorption edges of compounds; in the beginning this was with particular reference to ferrocene, although this did not yield any unique information on bonding. However, for other compounds it did and he spent a period at the University of Texas at Austin in the laboratory of Harold P. Hanson, who was then Head of Physics. He also published independently a review on metal alkyls and aryls in Chemical Reviews that was both topical and highly cited.
It is hard to imagine how any student could have got more out of four years of graduate school. The young Cotton had developed a love for travel and an appetite for research at the highest of levels. He was fearless in engaging in new projects and exhibited a love of theory, spectroscopy and chemical bonding as well as synthesis. He had also made many influential contacts, several of whom were to play a prominent role in his future career. It is then perhaps not surprising that at the end of his doctoral studies he contemplated an academic career. After some consultation with Wilkinson, who talked with Charles Coryell and John W. (Jack) Irvine, and with the approval of Arthur C. Cope, it was arranged that he would be appointed Instructor in Chemistry at the Massachusetts Institute of Technology (MIT). Such were the ways that things were done in 1955, at least for the young F. Albert Cotton.
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
The transition to MIT led to one of the most important occurrences in his life: he met the lady who was to become his wife and partner for the rest of his life. He met and married Diane (Dee) Dornacher in 1959; they had two daughters, Jennifer and Jane. They were an extremely close family and chose to live in Sherborn, a village within commuting distance of Cambridge (Massachusetts) and MIT, as this gave them the opportunity to indulge in their favourite pastime of horse riding. They purchased a house with six acres of land for pasture and a three-horse barn. As Al put it, 'we formally became hayseeds, and have been ever since'. This is reflected in that on his move to Texas he purchased a ranch of 300 acres to keep horses and cattle. As well as for Al, horse riding was an enduring passion with both Dee and Jenny, his daughter, who has subsequently established a career with horses. One of Al's proudest moments was when he became Master of his local hunt, the Norfolk Hunt, in 1969, and one of his regrets was the loss of contact with the hunting fraternity on his transition from MIT to Texas A&M University (TAMU).
From the point of view of his chemistry, the initial period of his tenure at MIT was extremely productive; during the period 1955-60 he published 78 papers covering a variety of topics in inorganic chemistry such as metal carbonyls, organometallic compounds, and metal complexes with the phosphine oxides and sulphides as effective ligands. In the latter group of ligands he showed their ability to coordinate to metals by either the sulphur or the oxygen, the mode being recognized by the use of infrared spectroscopy. This was one of the first uses of this approach to determine the bonding pattern of ligand groups with more than one alternative coordinating centre. The main thrust of his work during this period was directed to the applications of ligand field theory to transition metal compounds of the first-row elements and the use of infrared and nuclear magnetic resonance (NMR) spectroscopy in determining the structure of inorganic compounds.
One of his main interests was the use of magnetism and ultraviolet spectra for the elucidation of the structure of a variety of halide and substituted halide compounds of four-coordinate Co(II), Ni(II) and Mn(II) ions. He developed this approach with great success and was able to establish this procedure as a very effective tool for the determination of stereochemistry, for a variety of these and related first-row transition elements. In addition he established a detailed understanding of the factors that influenced the relationship and variations in several of the parameters such as spin-orbit coupling of the metal ion, the ligand field strength of the coordinated groups and the intensity of absorption bands in the ultraviolet spectra for this class of complexes and ligand groups. In the field of metal carbonyls he determined the bond energies of a range of metal carbonyls and showed that there was an increase in the bond energy of the metal-carbon bond on descending a metal triad. In addition he started his studies on the structural assignment of metal carbonyl species by using the infrared spectroscopic properties of the coordinated carbon monoxide moiety to examine the number of infrared active carbon monoxide stretching frequencies. He used group theory to predict the number of these stretching frequencies for various proposed structures. He further developed the study of the infrared spectra to give a detailed analysis of the structure in terms of approximate force constants for the carbonyl groups by the so called Cotton-Kraihanzel model and elucidated the capacity of a wide range of ligands to behave as π-acids. This work was one of the most cited papers up to the end of the 1980s.
Cotton was one of the first inorganic chemists to apply NMR spectroscopic techniques to structure determination, and this proved to be a tool that he applied throughout his research. He was one of the first to study the NMR spectra for nuclei other than hydrogen; his first investigation in this area was the fluorine NMR of SF 4 and its derivatives. He was able to show that the molecule had C 2v symmetry rather than tetrahedral (Td) as had been suggested. He also measured the 13 C NMR spectrum of iron pentacarbonyl and showed that there was only one line in the spectrum associated with the carbonyl groups, and although he did not initially give the correct interpretation of the spectrum he accepted the suggestion of Steve Berry that this arose from a rapid intramolecular scrambling process of the carbonyl groups around the metal centre in what is now called a 'Berry pseudo-rotation'. This proved to be the entry into his work on fluxionality in organometallic compounds. In particular he investigated with Alan Davison (FRS 2000) the NMR spectra of a wide range of metal carbonyls and organometallic compounds and their derivatives. They were able to show that for many molecules the temperature dependence of the NMR spectra indicated the facility of the metal moiety to move around the coordinated organic molecule, while for the metal carbonyls there was often a facile interchange of carbonyl group within the molecule.
During the course of this work he invented a notation for representing the bonding pattern of organic species to metal centres, termed hapto. This was formally accepted by the International Union of Pure and Applied Chemistry (IUPAC) with the change to the use of the Greek, instead of the Roman h, for hapto. The hapto notation is now universally used to indicate the bonding centre for the organic species in organometallic molecules.
At this time he also reported the first study of the nature of the bonding of hydrogen in the metal carbonyl hydrides HCo(CO) 4 and H 2 Fe(CO) 4 and established that the hydrogen was bonded directly to the metal centre.
Throughout his work on coordination compounds he was always fascinated by the balance between bonding and non-bonding interactions in determining the structure of compounds. He showed graphically the importance of steric effects between ligand groups in a study of substituted diketonate complexes of Co(II) and Ni(II). Thus, for the Ni(II), when a bulky ligand is used as the coordinating diketonate, the compound is monomeric and tetrahedral, whereas the parent acetyl acetonate complex is trimeric with the metal in an octahedral environment. For intermediate substituted diketonates there are equilibria between monomers and trimers.
In 1961 Cotton, to use his own words, 'became involved in one of the most important developments, namely X-ray crystallography, because this was enabling for nearly everything I undertook thereafter'. He undertook what he termed the 'sheer drudgery of doing a crystal structure' by following the classical procedures for structure analysis via Weissenberg photographs, determination of the intensity of spots on films, the use of Patterson functions to determine the position of the heavy atoms, and the calculation of electron density maps.
He was thus in a position to be independent of the professional crystallographers, and proceeded to determine his own structures. This led to a different approach to the whole of his study of inorganic chemistry, and his basic training in crystallography had an important role in his appreciation of subtlety in many of the more complex structures that were involved in the compounds he studied later. With the advent of four-circle diffractometers and modern computing programs much of the drudgery of structure determination has been removed, but Cotton always claimed that his initial training played an important part in his understanding of the limitations in X-ray structure determination.
Cotton's approach to structural chemistry with the use of X-ray structure determination as part of the routine laboratory facility was rapidly recognized as valuable and taken up by many inorganic groups. Most research students who completed a doctorate with Cotton became very familiar with this technique.
One of the first structures that he undertook was that of dibenzene chromium; early work had been interpreted as indicating an alternation in the carbon-carbon bond lengths within the coordinated benzene ring. His work showed that the carbon distances within the ring were identical. An early structural determination that was of major interest and opened up a new area of chemistry was that of the so-called tetrahedral rhenium(III) complex CsReCl 4 . The diamagnetism of this compound had been interpreted as corresponding to a tetrahedral arrangement around the rhenium, a very surprising stereochemical arrangement for a third row transition element with an incomplete d-shell. Cotton and the New Zealand group of Penfold showed independently that the structure involved a trimeric rhenium ion, [Re 3 Cl 12 ] 3− , with a triangular arrangement of rhenium atoms, bridged along the three edges with chlorine atoms and a relatively short rhenium-rhenium distance, which he interpreted as a 'double' metal bond (see figure 1) .
He was able to prepare and determine the structure of a whole series of phosphine substituted compounds, Re 3 Cl 9 (PR 3 ) 3 , and the related bromine and iodine derivatives. These compounds proved to be the entry to a major area of his future work involving metal-metal bonded compounds, especially with multiple metal-metal bonding.
Perhaps the most spectacular discovery in this area of his work involved a reassessment of some Russian work on a related species. He was able to show that the complex reported by the * Numbers in this form refer to the bibliography at the end of the text. The above statement also emphasizes another important aspect of Cotton's ability in chemistry, which was a very good command of the basic understanding of the theoretical background to bonding theories in chemistry. He was able to use most theoretical models for the interpretation of the chemical facts that he uncovered in his studies, and he enjoyed the task of expressing these concepts in relatively simple terms.
METAL CLUSTER COMPOUNDS AND THE MOVE TO TAMU
In 1972 Cotton accepted the offer of the Welch Chair of Chemistry at TAMU. He moved his family, his horses and his hounds and established a ranch outside College Station that was to become the family homestead for the rest of his life. This move did little to alter his chemistry, which continued at full pace and with increasing emphasis on the chemistry of metal-metal bonded complexes.
Early in his career, Cotton defined the term 'metal cluster compounds' as those compounds or complex ions consisting of three or more metal atoms held together at least in part by metal-metal bonds. These he considered to be different from polyoxometallates and polynuclear metal alkoxide or carboxylate compounds, in which ligand bridges are involved in bringing the metal atoms together. He considered these to be merely extensions of Werner complexes. Naturally, there were many organometallic cluster complexes that attracted his (From (2); reproduced with permission.) attention and he was the first to study the dynamic 13 C NMR spectrum of Rh 4 (CO) 12 , which, like Co 4 (CO) 12 but unlike Ir 4 (CO) 12 , has one metal atom having three terminal CO ligands; the others each have only two in addition to three CO ligands that each bridge two metal atoms. The structure can therefore be viewed as a pseudo-tetrahedral Rh 4 unit in which one Ru(CO) 3 caps a triangular [Ru(CO) 2 (μ-CO)] 3 unit with each Rh atom forming a metal-metal single bond with its neighbours. At low temperatures the 13 C NMR spectrum is consistent with this structure, but with increasing temperature the signals collapse to give a single 13 C signal for all 12 CO ligands. The presence of 13 C-Rh coupling, I = 1 -2 , is maintained in the high-temperature spectra, clearly indicating that a non-dissociative process is involved. The data were entirely consistent with opening of the carbonyl bridges to form an intermediate Rh 4 (CO) 12 having four equivalent Rh atoms each with three terminal groups, namely a structure akin to that observed for Ir 4 (CO) 12 in the solid state. There were, however, many instances when cluster compounds arose in rather unexpected circumstances. For example, in the preparation of Mo 2 (O 2 CMe) 4 in the reaction between Mo(CO) 6 and refluxing acetic acid, the yield is only about 20%. The question of what has happened to the remainder of the molybdenum arises. Similarly, in the reactions between W(CO) 6 and carboxylic acids no W 2 (O 2 CR) 4 compound is formed, yet the W(CO) 6 is completely consumed. These questions had appeared in the minds of Zvi Dori, an Israeli chemist, and he had begun to work on this aspect of chemistry. However, it was only later when he and another Israeli chemist, Avi Bino, came to work with Cotton at TAMU that the mysteries were finally all put to rest. There emerged a family of triangular M 3 clusters capped by two oxo or two alkylidyne units with an additional six attendant carboxylate groups. An overall 2+ positive charge was associated with the trinuclear unit. The central M 3 units are shown in figure 3 .
In these clusters the number of electrons available for metal-metal bonding was either four, five or six. The number six, of course, was an electron-precise number giving rise to MM single bonds and occupation of the MM bonding orbitals a 2 e 4 . However, with only four electrons the complex was paramagnetic, with the MM bonding configuration a 2 e 2 and an MM formal bond order of 2 -3 , and that with five electrons had the MM configuration a 2 e 3 and MM bond order 5 -6 . The MM distances were very satisfactorily seen to follow the expected change in MM electron configuration, with the shortest being for the six-electron cluster. Quite remarkably, all these complexes were stable to water and molecular oxygen. Indeed, the benzoate derivative was subjected to nitration of the aromatic ring without disruption of the M 3 core. The origin of the oxo group and/or the alkylidyne cap can safely be assumed to be derived from a reductive degradation of the carboxylate ligands, and it was shown subsequently that oxo and alkylidyne-capped triangular clusters of molybdenum and tungsten could be formed by comproportionation reactions involving MM triply bonded alkoxides M 2 (OR) 6 and (RO) 4 M=O or (RO) 3 MϵCR compounds.
Finally, it is worth noting that the stability-or more correctly the kinetic persistence-of the Mo 4 (μ 3 -O)(μ-O) 3 core having Mo 4+ ions was demonstrated when it was shown that the Mo 4+ aquo ion was in reality Mo 4 (μ 3 -O)(μ-O) 3 (H 2 O) 9 4+ . Cotton had previously predicted this on the basis of the solid state structure of Zn 2 Mo 3 O 8 , which similarly had the Mo 3 (μ 3 -X)(μ-X) 3 X 9 structure involving octahedrally coordinated molybdenum atoms.
Another cluster compound worthy of particular note involves the element zirconium, which is not prone to the formation of discrete dinuclear compounds with MM multiple bonds but which had, in the hands of John Corbett and his co-workers at Iowa State University, been found to form a series of cluster halides of the form [Zr 6 Cl 12 ] n+ . These had been prepared by high-temperature sealed-tube reactions from the reductions of ZrCl 4 and had been shown to contain an internal atom such as Be, B, C or N. Cotton and his colleagues had been exploring a synthetic procedure for producing reduced zirconium halides by room-temperature reactions involving (Bu n ) 3 SnH and ZrX 4 in the presence of R 3 P donor ligands. This did indeed yield octahedral clusters of zirconium, having edge halide bridges; that is, a central Zr 6 Cl 12 core. These cluster units had additional terminal ligands, which could be halide or tertiary phosphines. However, what was not originally recognized was that they also had varying numbers 
MULTIPLE BONDS IN HIGHER-ORDER ASSEMBLIES: DIMERS OF DIMERS, MOLECULAR LOOPS, TRIANGLES AND SQUARES
Starting in the late 1990s Cotton and Murillo embarked on a project that was to become a major theme of the work from the laboratory until his death, namely the linking of quadruply bonded Mo 2 4+ units, and to a smaller extent Ru 2 4+ and Rh 2 4+ units, into higher-ordered assemblies, the simplest of which were 'dimers of dimers'. This synthetic strategy employed the use of formamidinate bridging ligands as templates at the dinuclear centre, most typically ArNCHNAr, where Ar = p-CH 3 OC 6 H 4 . Thus, by employing a starting material such as Mo 2 (ArNCHNAr) 3 Cl 2 or Mo 2 (ArNCHNAr) 3 (MeO)(MeOH) having substitutionally labile ligands, bridged compounds of the form [(ArNCHNAr) 3 Mo 2 ] 2 (bridge) were prepared, in which the bridge represented a doubly negatively charged group or groups, for example two hydrides or halides, a sulphate or carbonate anion or a dicarboxylate. Some representative bridging groups employed in these studies are shown in figure 5 .
The series of compounds in which Mo 2 4+ units were linked by the dicarboxylates O 2 C(CH=CH) n CO 2 merits specific attention because the free acids where n = 3 and 4 were previously unknown. Cotton named these tamuic acid for n = 3 and texic acid for n = 4. Because these neutral compounds contained redox-active Mo 2 centres, Cotton and Murillo went on to study in detail the properties of the mixed-valence radical cations [(ArNCHNAr) 3 Mo 2 (bridge)Mo 2 (ArNCHNAr) 3 ] + and in many instances the doubly oxidized complex ions. Only with relatively short bridges spanning about 6 Å, such as oxalate and fluofavinate, were the mixed-valence cations fully delocalized, class III on the Robin and Day scheme. The others were class II or class I, valence trapped, and Cotton and his co-workers structurally characterized numerous examples of these.
By employing metathetic reactions of the type shown below, Cotton and Murillo and their co-workers prepared molecular loops, triangles and squares. The key feature of this synthetic Figure 5 . Examples of bridging ligands used for the formation of supramolecular structures.
(From (7) A bridging group such as cis-fumarate or 1,4-cyclohexane dicarboxylate naturally preferred to form molecular loops, whereas a short and rigid group such as oxalate yielded molecular squares. A bridge such as terephthalate was sufficiently flexible to give a mixture of molecular triangles and molecular squares. Structurally characterized examples of these are shown in figure 6 . Cotton also showed that in solution it was possible to establish an equilibrium mixture of molecular triangles and squares by starting from a pure sample of each. The studies of the equilibria revealed that the squares were enthalpically favoured, whereas the triangles were favoured by entropy:
The dinuclear centres in these compounds are weakly Lewis acidic and so readily coordinate additional ligands along the M-M axis. In this way Cotton employed neutral ligands such as pyrazine and 4,4-bipyridine to form extended arrays and coordination polymers in the solid state.
EXTENDED METAL ATOM CHAIN COMPOUNDS (EMACS)
Another theme that was persistent in the later years of Cotton's work involved the synthesis, bonding and properties of complexes containing a linear chain of metal atoms. These complexes could be considered as short sections of a molecular wire in which a linear chain of metal atoms was surrounded by a set of insulating organic ligands. The use of the dipyridylamide ligand shown in figure 7 naturally lends itself to coordinating to three metal atoms in a row. When four of these are used, one can obtain a sort of extended paddle-wheel structure and if the resulting unit carries an overall 2+ charge each metal atom is formally in its 2+ oxidation state. One can immediately see how this attracted the attention of Cotton as an extension of the concepts of MM bonding employing the σπδ manifold.
It becomes easy to envisage the use of oligopyridyl amides shown in figure 8 to link increasing numbers of metal atoms in a row.
What is easy to envisage on paper is often much more difficult to obtain in the laboratory, and the synthesis of EMACs was very challenging because so many things can take place that lead to products other than the desired one. Synthetic procedures proved most successful for the 3d metals, whose substitution chemistry is more labile. However, the propensity for metal-metal bonding is much weaker for these 3d elements than it is for the heavier 4d and 5d elements. Consequently expectations that might be based on symmetry and a simple molecular-orbital approach to bonding are greatly limited as a result of strong electron-electron correlation interactions. Thus the compounds of the first-row elements are all paramagnetic, with complex temperature-dependent magnetic properties.
Cotton was not alone in his interest of these EMACs, and a significant effort was also being made by Shie-Ming Peng and his group in Taipei. Naturally, during the course of these studies the two groups' efforts overlapped, and Cotton was particularly keen to ensure that the characterization of these extended-chain compounds included single-crystal X-ray studies. All too often this proved to be problematic because the ends of the chains of metal atoms were invariably coordinated by an anion or ligand. This led to the likelihood of positional disorder along the chain. For example, a chain involving three metal atoms terminated by chloride ligands would seem to have two equal M-M distances when in truth there should have been one short M-M bonding distance and one long M···M distance. Cotton naturally took great pains to sort these matters out unequivocally, and much to his satisfaction he found that chains of Cr(II) ions formed alternating short and long bonds, for example a [Cr 7 ] 14+ chain was made up of CrєCr----CrєCr----CrєCr----Cr. Rather interestingly, the Cr 3 6+ compounds were painstakingly shown to be either CrєCr----Cr or evenly spaced [Cr----Cr----Cr] 6+ , depending upon the end groups.
THE CHROMIUM-CHROMIUM QUADRUPLE BOND
The propensity of the second-row and third-row transition elements to form strong metalmetal bonds involving the 4d and 5d atomic orbitals arises in part as a result of relativistic effects that contract the ns atomic orbital and thus allow greater effective radial extension and overlap in complex formation. Consequently for the first-row 3d elements multiple bonding is much less common and the chemistry of Cr(II) well exemplifies this principle. Most of its coordination complexes are square planar or Jahn-Teller distorted octahedral, but the carboxylates, which can be formed in aqueous solution in the absence of molecular oxygen, are dinuclear Cr 2 (O 2 CR) 4 
These types of compound can be prepared in non-aqueous solvents, but almost invariably they have an axially aligned ligand such as tetrahydrofuran or even benzene. The metal-metal distances fall into a rather large range, 2.2-2.5 Å, which led many to question the existence of a quadruple bond. Indeed, some suggested that it was only the bridging carboxylates that were bringing the metal atoms into close proximity. For many other bridging ligands, such as the anions derived from the deprotonation of 2-hydroxypyridine or 2-methylpyridine, the Cr-Cr distances were much shorter, in the region 1.8-1.9 Å. Cotton referred to those as 'supershort', noting that in relation to the atomic sizes of the atoms these internuclear distances were less than those of the triple-bond distances seen for ethyne and dinitrogen. Although these CrєCr bonds seemed to be secure, the existence of others was called into question by the persistence of paramagnetism and the lability of the Cr 2 centre to dissociation in the presence of donor ligands such as pyridine.
Cotton argued that the CrєCr bond had a rather flat potential well and its strength was inversely related to the strength of the axial ligands. For the Cr 2 (O 2 CR) 4 compounds the Cr-Cr distances supported this view, and a gas-phase electron-diffraction study yielded a Cr-Cr distance of 1.97 Å for anhydrous Cr 2 (O 2 CMe) 4 . One might have thought that this would end the debate but computations over the years had yielded widely varying views on both the distance and the description of the bond itself, and the gas-phase result was not PROBING THE NATURE OF THE δ BOND It was recognized early on that the δ bond contributed little to the overall metal-metal bond strength. The singlet δ → δ* transition in the electronic absorption spectrum typically falls in the region 450-650 nm for MM quadruply bonded complexes, whereas that of doublet δ → δ* transition in compounds with only a single electron in the δ orbital in their ground state, namely those compounds with MM bond order 3.5, shows a similar transition that is notably red-shifted. It was thus soon recognized that the higher energy of the former arose from a significant contribution of the valence-bond ionic description of the bond, which involved partitioning both δ electrons on one metal. Thus half the energy of the doublet δ → δ* transition was a better measure of the bond strength. The singlet δ → δ* transition often-and particularly at low temperatures-showed vibronic features associated with υ(MM) in the photoexcited state. These progressions were associated with υ(MM) of the triple bond, whereas the Raman spectra of the ground-state molecules showed pronounced resonance enhancement of υ(MM) for the quadruple bond with excitation into the δ → δ* transition. As expected, there was a significant shift to lower wavenumber for the MM stretching mode with descending bond order from 4 to 3.5 to 3.
A more direct measure of the δ bond strength was offered by James Coleman, who prepared porphyrin complexes of the form M 2 L 2 , where M = Mo or W, and L is a substituted porphyrin. Coleman was able to monitor the barrier to interconversion of various rotamers and, because dissociation of the porphyrin ligand can safely be ruled out, this barrier corresponds to rotation about the M-M bond. In these compounds the rotational barrier falls in the range 12-15 kcal mol −1 and can reasonably be ascribed as a measure of the δ bond strength.
Cotton and Walton and their co-workers also prepared a large number of compounds with d 4 -d 4 metal ions in which a bridging bidentate ligand of the type R 2 E(CH 2 )nER 2 , where R = Ph or alkyl, E = P or As and n = 1, 2, 3 and 4, was introduced to the dinuclear metal centre. Whereas five-membered rings readily accommodated near-eclipsed geometries, the six-membered and seven-membered rings caused a twisting of the type shown schematically in figure 9 .
With a significant number of structurally characterized compounds having σ ranging from 0° to 45° they were able to correlate d(MM) Å, υ(MM) cm −1 and δ → δ* nm. In this way the degree of δ overlap was systematically probed as the bond order varied incrementally from 4 to 3. Subsequently with Professor Dan Nocera at MIT, Cotton also examined the triplet δ → δ* transition for this series of compounds by employing two-photon laser spectroscopy. They were thus able to fit the Coulson-Fisher model of a two-electron bond employing experimental data for the δ bond in Mo 2 4+ -containing compounds. Much to the delight of Cotton, the δ bond provided the first experimental data for a two-electron bond first put forward for H 2 in 1948.
COTTON'S BOOKS
Cotton's contribution to chemical literature was phenomenal: he published more than 1600 papers. This involves the publication of a paper every 12 days for a period of more than 50 years. The importance of his publication record lies not only in the quantity but also in the quality of his work. His papers presented exciting chemistry and were written in a masterly way, showing his real appreciation and enjoyment of the English language.
This form was also very apparent in the textbooks he wrote; this appealed to a different audience but was presented with a clarity that made them popular texts at school, undergraduate and graduate levels. Chemistry was presented in a more logical and deductive manner than had been experienced in most previous standard texts; the popularity of these books reflected this ability to express and interpret often-complex chemical ideas in a logical and clear way. Many of these have been translated into other languages, reflecting the insight that these books instilled.
His first textbook, Advanced inorganic chemistry, was published with Geoffrey Wilkinson in 1962. This was the first inorganic text to apply a modern approach to the study of inorganic chemistry and it has been the dominant textbook for the past 35 years; it has been translated into 15 foreign languages and has appeared in six editions. An undergraduate text, Basic inorganic chemistry, was published in 1976 and has been translated into 13 foreign languages, and a text for schools, Chemistry, an investigative approach, based on the CHEMStudy philosophy for teaching chemistry in high schools, was widely adopted in schools.
In the fields of research he wrote a book that had a major role in establishing the application of a group theoretical approach to the study of a range of subjects in chemistry. This was Chemical applications of group theory, which was published in 1963, at an early stage in his career. This is still the most widely used introductory book in this field and was responsible for a major change in the way in which many inorganic and other chemists viewed their approach to research in chemistry. A text written in collaboration with R. A. Walton, which illustrated the wide range of compounds that involved multiple bonds between metal centres, one of the fields in which his own research contributions excelled, is Multiple bonds between metal atoms. This facility to write across such a large spectrum of chemical interests is an extremely rare occurrence; the divide between the prime research chemist and the textbook writer is generally vast. As was pointed out by John Henry Newman in his famous book 'Idea of a university' in 1850, 'To discover and to teach are distinct functions; they are also distinct gifts, and are not commonly found united in the same person.' Cotton was able to straddle this divide with an incredible ease, and this reflects his great interest in both research and teaching. As he said on one occasion, on being asked his motivation in writing inorganic texts, 'My motivation in writing my books was always the same; to teach. While I enjoy lecturing, I enjoy even more trying to communicate what I know and love to as many others as possible. ' 
PUBLIC SERVICE
Cotton played an important role in both national and college affairs. He chaired the US delegation to several IUPAC general assemblies with the aim of fostering international collaborations and understanding. He was in particular a strong proponent for the active involvement of young chemists in these affairs, recognizing their potential as the future international stars. He served for two periods of six years on the National Science Board from 1986. He was an active proponent of single investigator-based disciplinary research. While defending the creation of centres for science and technology and cooperation with industry, he constantly reminded the board of their primary aim, which was to maintain and develop basic research.
He held several positions in the National Academy of Sciences, being a member of its council and governing board, and he was particularly concerned with maintaining the standard of election to its membership. He also emphasized the responsibility of its members to assume leadership roles for the reports that were produced by the academy and were designed to effect public policy.
He became involved with the programme for the establishment of a supercollider in the state of Texas. This was a federal-backed scheme that did not materialize because of a lack of available funding, but Cotton had a major role in pressing the case to government.
On the local college scene he was involved in many of the major decisions that led to the great increase in the size of the student body and enhanced the prestige of the university during his period at TAMU. He played an important part in the appointments of university presidents, and was always sensitive to the needs of the department and the university. His primary aim was always to increase the standards of all with whom he was associated.
AWARDS AND HONOURS
Cotton's extraordinary talents were soon recognized, and his promotion from demonstrator to full professor at MIT was meteoric and was caused at least in part by the courtship of other institutions. In 1964 the importance of inorganic chemistry was recognized by the American Chemical Society (ACS) by the establishment of an annual prize in its name. Cotton was the first recipient and this was the first of the numerous awards he received from that society. Indeed, Cotton was the only recipient of all eight sectional gold medals of the ACS. He was honoured by the Royal Society of Chemistry by several lectureships and was awarded an Honorary Fellowship. Similar accolades came from other national chemical societies and scientific academies. He received numerous honorary degrees, several from among the world's most distinguished universities, and there is no doubt that he enjoyed receiving these awards and honours. It allowed him to travel and to meet the academic elite. Early in his career he spent several months in Argentina on a Ford Foundation Fellowship, assisting the country in the organization of its chemistry programmes. Much later in his career he spent a year in Cambridge (UK), where, as a Guggenheim Fellow and being associated with the Chemical Laboratories, he wrote the second edition of his book with R. A. Walton, Multiple bonds between metal atoms. Among his most prestigious prizes were the King Faisal Prize of Saudi Arabia, the Wolf Prize of Israel and the Welch Prize of Texas. Perhaps ironically, the last award he received from the ACS was the award for Chemical Education, which he received in 2004. Given the influence of his textbooks, his more than 1600 scientific publications and the prominence of his co-workers in the field of chemistry, this was a most fitting award and one that many considered long overdue. Cotton also established an ACS Award for Inorganic Synthesis and was influential in the establishment of the Cotton Medal and Prize of the Texas A&M division of the ACS.
Over the years a total of 155 postdoctoral research associates from 30 countries worked in his laboratories, and many became leading figures in chemistry in their own countries. His research also attracted a host of outstanding graduate students: 115 students completed their PhD degree under his supervision. Many of these now occupy academic positions in the principal universities in the USA; four are members of the National Academy and one is a member of the National Academy of Engineering.
HIS LATER DAYS
Cotton and his wife had for many years made a trip to Europe in the May-June period, and on these occasions Cambridge, London and Paris were part of their normal programme. They made visits to tennis events, Wimbledon being one of their favourites, and had a formidable programme arranged for these visits, including concerts, plays, museums, art galleries and a list of good restaurants. Gerade Jaouen was one of their contact points in Paris, and anyone who knows Gerade will be aware of his interest in good food and his facility to find the best up-and-coming restaurants-and we are talking of Michelin-class food.
Cotton never retired. He remained active in research and had just completed writing his autobiography in October 2006 when, while walking on his ranch in Texas, he sustained an injury that left him hospitalized until his death in February of 2008. Although there is no doubt that Cotton will be remembered by many generations of scientists for his chemistry, at both the research and teaching levels, he will also be recalled as an interesting and exciting person to be with. As discussed above, he loved horses and for several years both he and his wife were keen on hunting to hounds. He was a very competitive player of sports, as anyone who has played with him at tennis will verify. He enjoyed and appreciated good food and wine, and his appreciation of and knowledge of music was extensive.
Cotton will be missed for all the best reasons. He was not always the easiest of men and could be a hard judge, as was observed in one of his obituaries: the most troubling feature of Al Cotton's personality was his honesty. He was at times too forthright in his remarks about people and their weaknesses. He firmly believed that if his honest opinion was well thought out, it was worth saying, although at times this may have hurt others and on occasion himself.
However, he was always honest and particularly loyal to his friends. He was a man of great integrity and independence with a sharp mind.
His untimely passing has created a big vacuum, most of all for his wife and family; as an inorganic chemist he will be remembered as being pre-eminent and the man of his time.
